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Zinc (Zn ++) ions are constituents of many meta l loenzymes .  The psoas muscle of the rabbit  is known to con-  
tain zinc in a concentrat ion comparable  with its ca lc ium concentrat ion [5]. Little is known of the function of zinc 

in the cont rac t i le  act of the l iving muscle,  although it has an appreciable  influence on its mechanica l  act ivi ty.  It 
has been shown, for example ,  that by the act ion of Zn++ions  on the sartorius muscle of the frog the tension is in-  
creased 2-3 t imes,  the periods of contract ion and re laxa t ion  are lengthened,  and the length of the refractory period 

is increased 4 t imes [7]. 

In t racel lular  recordings of the membrane poten t ia l  of a muscle have shown [6] that zinc ions, in a concen t r a -  
t ion of 5 �9 10-5 moles, double the duration of the ac t ion potent ia l  (AP) as a result of an increase in the duration of 

its descending phase. The blocking ac t ion  of Zn ++ in a concentrat ion of 0.5 mmole  on transmission in the neuro- 

muscular synapse has also been demonstrated [12]. 

The object  of the present investigation was to study the ac t ion of Zn ++ ions on the properties of the membrane  

of the muscle  fiber. 

E X P E R I M E N T A L  M E T H O D  

Experiments were carried out on the sartorius muscle of the frog (Rana temporaria) .  The muscle was fixed in 
a specia l  bath in a slightly stretched state. Intracel lular  recordings of the e l ec t r i ca l  ac t iv i ty  of the muscle were 
made  by means of glass microelectrodes.  The resistance of the microeleet rodes  was 10-40 m ~ .  Two separate 

microe lec t rodes  were introduced into one muscle fiber, One e lect rode was used to pick up the potential ,  the other 
to s t imula te  the fiber (Fig. 1). The potent ia l  difference on the membrane  was measured by means of a two-channel  
de ampl i f ie r  and a cathode repeater,  assembled in accordance with the scheme of A. L. Byzov and M. M. Bongard 
[1]. The resting potent ial ,  the ac t ion potent ial ,  and the s t imulat ing current were measured by comparing them with 

a known ca l ibra t ion  potent ial .  

To measure the input resistance of the membrane of the muscle  fibers rectangular  pulses of hyperpolar iz ing 
current were used. The solutions used in the exper iment  were supplied from specia l  vessels into the working chamber 
in which the muscle was placed.  Solutions of ZnC12 were used in the experiments in concentrations of 0.05-1.0 
mmole .  The invest igat ion lasted 1 year.  The composi t ion of the Ringer's solution was (per li ter of dist i l led water): 
6.5 g NaC1, 140 mg KC1, 120 mg CaClz, 200 mg NaHCO s (in the autumn-winter  period), and 6.5 g NaC1, 100 mg 

KC1, 200 mg CaC12, 200 mg NaHCO 3 (in the spring-summer period), 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

In Ringer's solution for co ld-b looded anirhals the resting potent ia l  (RP) was 81.2 i l . 7  inV. When the Ringer's 
solution was replaced  by a solution containing ZnC12 in a concentrat ion of 0.05-0.1 mmole ,  the RP was 81.3 *2 .4mV 
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Fig. 1. Action of Zn ions on the membrane  of a 
skele ta l  muscle fiber. T o p - s c h e m e  showing the 
pr inciple  of the apparatus for s t imulat ing single 
muscle fibers and recording the potent ials  from 

them. R i = 15 kf~, Rz =50  ka ,  R s = 50 m e .  The 
fa l l  in vol tage across the resistor Rt ( t e rmina l  I) 

was used as an indicator  of the strength of the 
s t imulat ing current; t e rmina l  I I - o u t p u t  of ca th-  
ode repeater .  A) ac t ion  poten t ia l  of a muscle  

fiber in Ringer's solution of normal  composit ion;  
B) the same after addi t ion of I m m o l e  ZnClz to 
the solution; C) ac t ion  of po ten t i a l  of a muscte 
fiber in Ringer's solution, the fiber is in a poor 
funct ional  state; D) response of the same fiber 
after addi t ion of 0.25 mmote  ZnC12tothe Ringer's 
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Fig. 2. Top: reversible character  of the act ion of 

Zn ions. Bottom: vo l t - ampere  eharacter is i tes  of 

the membrane  of a skeIeta l  muscle fiber. A) a c -  
tion po ten t ia l  of a muscle fiber in Ringer's solution 
of normal  composition; B) the same after addi t ion 

of 1 m m o l e  ZnC12 to the solution; C) restoration of 

the act ion potent ia l  after immersion of the mnscIe 

in a 0.1% solution of unithiol.  Remainder of legend 
as in Fig. 1; D) v o k - a m p e r e  character is t ic  of the 
membrane  of a muscle fiber measured by means of 
hyperpolar iz ing pulses of current: 1) muscle in 
Ringer's solution; 2) the same muscle  f i b e r i n a s o l u -  
tion of ZnC1 z in a concentrat ion of 1 mmole .  

solution. The top curve corresponds to the zero (P > 0.1). Thirty fibers were tested in both solutions. As 

line for the in t race l lu lar  microe lec t rode ,  and the is c lear  from Fig. 1A and B, 1 mmole  of ZnC12 lowered the 
s t imulat ing current appl ied  to the fiber through RP from 90.4 ~ 6.15 to 73.05 :L3.8 mV (30 fibers) (P<0.01) 
the second microe lec t rode  is also indicated on i t  and increased the c r i t i ca l  leve l  of depolar iza t ion  of the 
(in tracings A and B). The bot tom curve shows the membrane  from 47.5 i 2.15 to 37.a i 2 . 1  mV (20 fibers; 

potent ia l  recorded by the microe lec t rode ,  p < 0.01). In normal  conditions the ampl i tude  of the AP 

was 132.15 :k2.5 mV (28 fibers), but in the frogs in a poor 

funct ional  condit ion r.he AP was lowered to 95.9 i 5.65 mV (15 fibers). The difference was signif icant  (P < 0.01). 
The addi t ion of Zn ions to the solution did not change the ampl i tude  of the "normaI" AP, but it  substantially in-  
creased its duration on account of a prolongat ion of the ascending and, in part icular ,  the descending phases. It is 
c lear  from Fig. 1C and D that  in the fibers with a low ampl i tude  of the AP (95.9 :~5.65 mV) Zn ions raised i t  to 
127.5 • 2.9 mV (15 fibers; P < 0.01). 

The input resistance of the membrane  of the muscle fibers was increased under the influence of 1 m m o l e  
ZnC12 from 216 t 86 to 465 + 82.2 ka  (15 fibers). The difference was significant (0.01 < P < 0.02). In the presence 

of ZnC12 in a concentrat ion of 0.05-0.1 mmole ,  the input resistance of the fibers was unchanged. The effect  of Zn 
ions was very stabie and was not abolished even after repeated rinsing of the muscle in Rir~ger's solution. In con-  
trast to this, r ep lacemen t  of the Ringer's solution containing Zn ions by a solution of unithiol  or of cysteine in con-  
centrations of 0.05-0.1% led to comple te  restoration of the or iginal  ampl i tude  and duration of the AP (Fig. 2, A-C).  

On the basis of modern views of the nature of the membrane  poten t ia l  [8-10], the lowering of the RP of the 
muscle fiber under the influence of 0.25-1.0 mmole  ZnC12 may be expiained either by an increase in the pe rmeab i l i ty  
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of the excitable membrane to Na ions (PNa) or by a decrease in its permeability to K and C1 ions (PK and PC1 ). 
Since the lowering of the RP under the influence of Zn ions was accompanied by a slight increase in the resistance 
of the muscle membrane (Fig. 2D), it may be considered that Zn ++ ions in the concentrations mentioned lower the 
permeabili ty of the membrane to K and C1 ions or to one of them. In concentrations less than 0.25 mmole, Zn 
ions evidently had no effect on the PK and PC1 of the resting membrane. A characteristic feature of the action of 
Zn ++ ions on the muscle fiber was the marked increase in the duration of the ascending and, in particular, of the 
descending phase of the AP. Remembering that the gradient of the ascending phase of the AP is determined by the 
rate of increase of the PNa of the membrane during its depolarization [8, 10], it may be concluded that Zn ++ ions 
considerable depress the velocity constant [10] of this process. 

The duration of the descending phase of the AP is known to depend on the speed of  two processes: the process 
of inactivation of PNa and the process leading to a delay in the increase in PK" Before the question of which of 
these two processes is inhibited more by Zn ions can be answered, further investigations are required. Several studies 
have shown that ions of Ni, Co, Cd [10, 11, 13, 14] and, to a rather lesser degree, Zn [15] considerably prolong the 
descending phase of the AP of the medullated nerve fiber. 

It has been concluded from recordings of the changes in the impedance of the membrane of the node of Ranvier 
during such a prolonged AP [11] and from thes tudyof  the effect of Ni and Cd ions on the resistance of the node to 
the depressant action of a cathode current, K ions, procaine, and mechanical  injury [3], that Ni, Co, and Cd ions 
greatly inhibit the development of inactivation of the sodium permeability of the membrane. They ha v, e much less 
effect on the PK system [2]. By analogy with this, it may be postulated that the effects of the action of Zn ions on 
the skeletal muscle fiber are also due mainly to their inhibitory influence on the development of the process of PNa 
inactivation. This hypothesis is confirmed by the marked increase in the amplitude of the AP of skeletal muscle 
fibers when they are in a poor functional condition. Similar changes in the amplitude of the AP have also been ob-  
served in nodes of Ranvier showing functional changes under the influence of Ni and Cd ions, and they have been 
interpreted as the result of a decrease in the degree of inactivation of the sodium system of the membrane [3, 4, 11]. 

The similarity between the effect of these ions on nerve and muscle fibers is also confirmed by the fact that 
in both cases these effects are very stable and can be completely abolished only by the action of donors of sulfhydryl 
groups-cysteine or unithiol. The only difference between the effects obtained in nerve and muscle fibers is that the 
membrane of the nerve fibers is more sensitive to nickel ions while the membrane of the muscle fibers reacts to 
Zn ions but undergoes little change in its properties under the influence of nickel ions (the authors' preliminary data). 

The reason for these differences is not clear. 
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